Introduction
============

Bronchiolitis obliterans (BO) is an irreversible obstructive lung disease, which is characterized by subepithelial inflammation and fibrotic narrowing of the bronchioles ([@b1-etm-0-0-8983]). A previous study published in 2011 reported that the overall prevalence of BO among all transplanted patients in the United States of America was 5.5%, and 14% among patients with chronic graft-vs.-host disease ([@b2-etm-0-0-8983]). The presence of inflammation and fibrosis of the terminal and respiratory bronchioles leads to a narrowing or full obliteration of the airway lumen, as well as the chronic obstruction of air flow ([@b3-etm-0-0-8983]). The clinical manifestations of BO include persistent cough, wheezing and dyspnea, which seriously affect the health and quality of life of patients ([@b4-etm-0-0-8983]). The etiology of BO include infection, organ transplantation, connective tissue disease and exposure to toxic fumes, and the most common cause of BO in children is infection ([@b5-etm-0-0-8983],[@b6-etm-0-0-8983]). Post-infectious bronchiolitis obliterans (PIBO) often occurs secondary to severe lower respiratory tract infections ([@b7-etm-0-0-8983]). PIBO is a rare disease and as there are no national or international databases on PIBO, its incidence is unpredictable but is more frequent among certain populations such as Argentinians, Native Americans and native Koreans ([@b8-etm-0-0-8983]). The development of PIBO is associated with adenovirus, measles virus, *Mycoplasma* pneumonia, influenza virus and respiratory syncytial virus ([@b9-etm-0-0-8983],[@b10-etm-0-0-8983]). The diagnostic rate of PIBO in children has improved in recent years, with the application of high-resolution computerized tomography (CT), however suitable and efficacious treatment options, particularly for long-term chronic management, have not yet been established ([@b11-etm-0-0-8983]).

The etiology of BO in children is not completely understood and PIBO is especially common in children ([@b9-etm-0-0-8983],[@b12-etm-0-0-8983]). At present, there is no precise treatment for PIBO ([@b7-etm-0-0-8983]). It is argued that long-term use of glucocorticoid for treating PIBO cannot reverse the pre-existing airway obstruction, but can reduce airway hyperresponsiveness and bronchial stenosis ([@b13-etm-0-0-8983]). A previous study suggested that glucocorticoids could slow the progression of BO ([@b14-etm-0-0-8983]). Some studies demonstrated that pulse corticotherapy may be a safe and alternative approach to prolonged systemic oral corticotherapy in children with BO ([@b13-etm-0-0-8983],[@b15-etm-0-0-8983]). Considering the side effects of long-term systemic glucocorticoid application, whether inhaled corticosteroids (ICS) can be used as an alternative treatment for PIBO remains to be elucidated. Some studies demonstrated that ICS demonstrated treatment efficacy in patients with BO, following hematopoietic stem cell transplantation ([@b16-etm-0-0-8983],[@b17-etm-0-0-8983]). ICS is the most effective drug for the control of airway inflammation ([@b18-etm-0-0-8983]). The selected drugs of ICS include budesonide, fluticasone and betamethasone dipropionate. Budesonide is a moderately fat-soluble glucocorticoid and its fat solubility is lower compared with that of fluticasone and beclomethasone dipropionate ([@b19-etm-0-0-8983]). As there are special anatomical structures, such as serous layer and mucilage in the airway, fat-soluble drugs do not dissolve easily in the mucus and can be easily removed by the mucociliary structures ([@b20-etm-0-0-8983]). The relatively low-fat-soluble budesonide is more likely to enter the airway via the serous layer of the mucosa surface in the airway ([@b21-etm-0-0-8983]).

Steroid therapy is the cornerstone of BO treatment. However, the side effects of long-term systemic administration of glucocorticoids and ICS merit investigation of an alternative treatment for PIBO ([@b22-etm-0-0-8983],[@b23-etm-0-0-8983]). A previous study demonstrated that the combination therapy of fluticasone, azithromycin and montelukast decreased total corticosteroid exposure in eight patients with BO, following hematopoietic stem cell transplantation ([@b24-etm-0-0-8983],[@b25-etm-0-0-8983]). Other studies have also demonstrated that azithromycin and montelukast had treatment efficacy in BO ([@b26-etm-0-0-8983],[@b27-etm-0-0-8983]). However, the treatment efficacy of ICS combined with azithromycin and montelukast in children with PIBO remains poorly understood.

The present study retrospectively analyzed the effect of budesonide, montelukast and azithromycin on the treatment of PIBO in children \<5 years old, aiming to provide some guidance for their clinical application in the treatment of PIBO.

Materials and methods
=====================

### Subjects

A total of 53 patients (mean age, 21 months; age range, 6 months-4 years) treated in the Pediatric Pulmonology department of the Maternal and Child Health Hospital of Hubei Province (Wuhan, China) between May 2015 and May 2019, were retrospectively analyzed in the present study. The disease duration prior to diagnosis of PIBO was 2-20 months. All the cases included in the study were in line with the diagnostic criteria of PIBO ([@b7-etm-0-0-8983]) as follows: i) Recurrent or persistent cough, wheezing, shortness of breath for \>6 weeks following acute infection, and no response to bronchodilator; ii) respiratory symptoms that were severely disproportionate to the chest X-ray findings; iii) unilateral hyperlucent lung observed via a chest radiography examination; iv) bronchial wall thickening, bronchiectasis, pulmonary atelectasis or mosaic perfusion observed on a pulmonary CT; v) obstructive ventilatory disorder demonstrated by lung function tests; and vi) exclusion of other obstructive diseases, such as asthma, congenital ciliary dyskinesia, immune deficiency and pancreatic fibrocystic changes. The exclusion criteria were as follows: i) Complications from other pulmonary diseases, such as asthma, pneumonia or pulmonary tuberculosis; and ii) patients with severe respiratory difficulties and transcutaneous oxygen saturation \<88%. The present study was approved by the Ethics Committee of the Maternal and Child Health Hospital of Hubei Province (Wuhan, China). Written informed consent was obtained from all of the participants\' parents/guardians.

### Treatment and grouping of patients

Based on different treatment regimens and parental compliance, enrolled patients were divided into group A (n=33) and group B (n=20). Group A received a combination of budesonide, montelukast and azithromycin (1 mg budesonide solution inhaled twice daily, 4 mg montelukast orally once daily and 5 mg/kg azithromycin orally once daily for the first 3 days of every week) for at least 3 months. Group B received an unconventional treatment (budesonide for nebulization intermittently, prednisone, montelukast and antibiotics if necessary), in which patients were treated intermittently in accordance with symptoms. Patients in group B received intermittent budesonide or prednisone due to parents\' rejection for long-term glucocorticoid treatment. There was no bias or specific criteria used in the grouping of patients. The age, duration and symptoms at the time of enrollment were similar for the two groups. The patients were followed up by telephone every 2 weeks and came to the hospital once a month for consultation. If the symptoms became worse or severe, they will make a consultation by telephone. Two children in group B developed coughing and severe dyspnea due to cold and were not included in the final analysis. All children with BO presented with coughing during the entire study period.

### Pulmonary function test

Pulmonary function tests were performed at diagnosis and after 3 months of treatment. Children underwent the tidal pulmonary function test by Master Screen Paed (Care Fusion). The nasopharyngeal secretions of patients were cleared before testing and the patients were treated with oral 10% chloral hydrate (50-70 mg/kg, maximum not exceeding 2 g) for sedation ([@b28-etm-0-0-8983]) and no adverse reactions were found. The main test parameters of tidal pulmonary function, reflecting obstructive ventilatory disorder included: time to peak tidal expiratory flow as a proportion of expiratory time (TPTEF/TE), volume to peak expiratory flow as a proportion of exhaled volume (VPEF/VE), ratio of inspiratory time and expiratory time (TI/TE), respiratory rate (RR) and the tidal volume per kilogram of body weight (VT/Kg).

### Symptoms assessment test

At present, there is no specific questionnaire to assess the symptoms of PIBO in children \<5 years old ([@b12-etm-0-0-8983]). The test for respiratory and asthma control in kids (TRACK) is a validated quantitative tool for assessing asthma control in preschool-aged children ([@b29-etm-0-0-8983]). TRACK can be completed fully by the primary carer of the child ([@b30-etm-0-0-8983]). TRACK includes details on the frequency of respiratory symptoms (wheezing, cough and shortness of breath), night-time awakenings and activity limitation in the past 4 weeks; the rescue medication used in the past 3 months and; the oral corticosteroid used in the previous year. Using TRACK and considering the characteristics of PIBO in children \<5 years old, the questionnaire used in the present study only included the first three questions of TRACK ([Table I](#tI-etm-0-0-8983){ref-type="table"}). The score of each questionnaire ranged from 0-20. The better the symptoms were controlled, the higher the score was. The questionnaire was performed at diagnosis and after 3 months of treatment.

### Statistical analyses

Normally distributed continuous variables are presented as the means ± standard deviation (SD), while non-normally distributed continuous data are presented as medians and interquartile ranges (25-75th). The paired Student\'s t-test or the Wilcoxon signed-rank test was performed to compare the difference between the diagnosis and following 3-month treatment results within groups. The independent sample t-test or the Mann-Whitney U test was conducted for comparison between groups A and B. χ^2^ test was performed for the comparison of sex distribution between the two groups. Statistical analyses were performed using the SPSS software v.19.0 (IBM Corp.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Clinical characteristics of patients

A total of 46 patients suffered from serious pulmonary infections during the first two years of life (28 patients in group A and 18 in group B). The main clinical manifestations were recurrent coughing, wheezing and shortness of breath following severe respiratory infection. Moist rales and wheezing were heard in the lung of most children. Of the total patient cohort, 18 patients were infected with adenovirus, 11 with measles virus, 9 with *Mycoplasma pneumoniae* and 4 with respiratory syncytial virus. No specific pathogen was found in 11 patients. Pulmonary CT demonstrated mosaic perfusion and patchy ground-glass opacity in almost all patients. Bronchial wall thickening and bronchiectasis were observed in 25 patients; localized and transparent lung was found in 21 patients; pulmonary atelectasis was found in 17 patients; emphysema was found in 12 patients; and bronchial mucus suppository was found in 10 patients. There were no significant differences in sex, age, pulmonary function and symptom assessment between group A and group B at the time of PIBO diagnosis ([Table II](#tII-etm-0-0-8983){ref-type="table"}).

For patients in group A, a significant increase in height and weight was observed after 3 months treatment compared with the time of diagnosis (P\<0.001; [Table III](#tIII-etm-0-0-8983){ref-type="table"}). However, no changes in liver and kidney function was found following treatment, demonstrated by no significant changes observed in the levels of alanine aminotransferase, aspartate aminotransferase, serum creatinine and blood urea nitrogen (P\>0.05; [Table III](#tIII-etm-0-0-8983){ref-type="table"}).

### Improved pulmonary function at diagnosis and after 3-month therapy in group A

Following the 3-month treatment period, TPTEF/TE and VPEF/VE were significantly higher in group A compared with group B (both P=0.002; [Fig. 1A](#f1-etm-0-0-8983){ref-type="fig"}). RR was significantly lower in group A (24.72±4.04) compared with group B (27.30±4.13) (P=0.03; [Fig. 1A](#f1-etm-0-0-8983){ref-type="fig"}). However, there were no significant differences in TI/TE and VT/Kg between group A and group B (P\>0.05; [Fig. 1A](#f1-etm-0-0-8983){ref-type="fig"}). In the present study, the value of TPTEF/TE were 13.46±3.91 in group A and 12.48±3.24 in group B, respectively, and the value of VPEF/VE were 18.35±3.53 in group A and 17.80±3.17 in group B, respectively. After 3-month treatment, TPTEF/TE and VPEF/VE were significantly increased compared with their values at PIBO diagnosis in group A (both P\<0.001; [Fig. 1B](#f1-etm-0-0-8983){ref-type="fig"}), but were slightly decreased in group B although, this did not reach statistical significance (P=0.096 and P=0.097; [Fig. 1C](#f1-etm-0-0-8983){ref-type="fig"}). There were no significant differences for VT/Kg or TI/TE before and after treatment ([Fig. 1](#f1-etm-0-0-8983){ref-type="fig"}). RR was decreased significantly compared with its level at PIBO diagnosis in group A (P\<0.001; [Fig. 1B](#f1-etm-0-0-8983){ref-type="fig"}) but was slightly increased in group B (P=0.083; [Fig. 1C](#f1-etm-0-0-8983){ref-type="fig"}).

### Comparison of symptoms at diagnosis and after 3-month therapy in group A and group B

All patients\' parents completed the questionnaire at the time of PIBO diagnosis and following the 3-month treatment period ([Table I](#tI-etm-0-0-8983){ref-type="table"}). The symptom assessment test score was significantly increased after 3-month treatment compared with the assessment at PIBO diagnosis in group A (P\<0.001; [Table IV](#tIV-etm-0-0-8983){ref-type="table"}) and the test score was significantly decreased after 3-month treatment in group B (P\<0.001; [Table IV](#tIV-etm-0-0-8983){ref-type="table"}). Specifically, the score for all the three TRACK questions included in the present study were significantly increased in group A (P\<0.001, P=0.001 and P=0.008, respectively; [Table IV](#tIV-etm-0-0-8983){ref-type="table"}) and significantly decreased in group B (P=0.011, P=0.022 and P=0.001, respectively; [Table IV](#tIV-etm-0-0-8983){ref-type="table"}). The test score in group A was significantly higher compared with that in group B after 3-month treatment (P\<0.001; [Fig. 2](#f2-etm-0-0-8983){ref-type="fig"}). A more accurate scale for evaluating the symptoms of children with PIBO needs to be designed. Pulmonary CT may change very slowly in BO, so it is generally not used as a short-term evaluation index ([@b7-etm-0-0-8983]). Pulmonary CT examination 6 months or one year after therapy and high-resolution CT scanning indicated marked improvements in group A compared with group B ([Fig. 3](#f3-etm-0-0-8983){ref-type="fig"}).

### Concomitant treatments and adverse events

For complicated infection, cough and sputum, antibiotic treatment was performed in the present study. In addition, a small number of children taking azithromycin will have gastrointestinal symptoms, nausea, vomiting and diarrhea, and these symptoms can be relieved without special treatment ([@b31-etm-0-0-8983]). Rescue medications were administered for children with breathing difficulties in the present study. Oxygen inhalation, bronchodilator inhalation, application of systemic glucocorticoids was performed, including ventilator-assisted breathing if necessary. However, according the inclusion criteria (blood oxygen saturation is not less than 88%), patients were excluded in the present study, if the patient had difficulty breathing and had a significant decrease of blood oxygen. The treatment regimens used in the present study were based on adult treatment and the clinicians\' experience. The drugs administered were safe and reliable and no special adverse effects were observed during the study.

Discussion
==========

Oral administration of small doses of azithromycin can exert anti-inflammatory and immunomodulatory effects and reduce pulmonary infection and lung injury ([@b32-etm-0-0-8983],[@b33-etm-0-0-8983]). Azithromycin can inhibit the activity of neutrophils and reduce the secretion of cytokines \[interleukin (IL)-6, IL-8 and tumor necrosis factor\], which can improve the pulmonary function of patients with BO ([@b34-etm-0-0-8983]). Leukotriene receptor antagonists can inhibit airway inflammation ([@b35-etm-0-0-8983]). Montelukast has been demonstrated to show a high treatment efficacy on patients with BO after transplantation ([@b27-etm-0-0-8983]). Consistent with these studies, the findings of the present study suggested that the combined application of budesonide, azithromycin and montelukast for at least 3 months improved the pulmonary function and respiratory symptoms in children with PIBO. In addition, no abnormal changes in liver and kidney function after treatment were found.

The measurement of pulmonary function plays a significant role in judging the severity of disease, evaluating clinical curative effect and predicting prognosis ([@b36-etm-0-0-8983]). The most commonly used pulmonary function test in children \<5 years old is the tidal breath pulmonary function test ([@b28-etm-0-0-8983],[@b37-etm-0-0-8983],[@b38-etm-0-0-8983]). TPTEF/TE and VPEF/VE are important parameters reflecting obstructive ventilatory disorder with a normal range of 28-55%. According to different degree of obstruction, they are divided into mild obstruction (28-23%), moderate obstruction (22-15%) and severe obstruction (\<15%) ([@b39-etm-0-0-8983]). In the present study, the presence of moderate-to-severe airway obstruction at PIBO diagnosis was observed. In the present study, both TPTEF/TE and VPEF/VE were significantly increased after 3-month treatment in group A, suggesting that the combined application of budesonide, azithromycin and montelukast was effective. Children are metabolically active; however, their lung capacity is small. The breathing frequency increases when obstructive or restrictive ventilation is impaired ([@b40-etm-0-0-8983]). The present study demonstrated that RR was significantly reduced after treatment in group A, but not in group B. TI/TE decreases when there is obstruction in the lower respiratory tract, due to increased expiratory resistance. The decline in VT/Kg usually indicates restrictive lung disease, but it also exists in moderate-to-severe obstructive pulmonary disease ([@b41-etm-0-0-8983]). The findings of the present study demonstrated no statistically significant difference in TI/TE and VT/Kg in the two groups, however were both slightly increased in group A and slightly decreased in group B. Williams *et al* ([@b42-etm-0-0-8983]) reported that treatment with fluticasone, azithromycin and montelukast and steroid pulse therapy may halt pulmonary decline in new-onset BO in the majority of patients and permit reductions in systemic steroid exposure. Consistent with this, the results of the present study indicated that the pulmonary function of children with PIBO was improved after treatment with budesonide, montelukast and azithromycin. In the current study, the majority of children suffered from serious pulmonary infections during the first two years of life, which was consistent with a previous study ([@b18-etm-0-0-8983]). Early intervention may help improve lung function ([@b7-etm-0-0-8983]). At present, there are few studies on tidal breath pulmonary function in infants and young children ([@b23-etm-0-0-8983],[@b24-etm-0-0-8983]). Thus, more research on the tidal breath pulmonary function test is imperative.

In addition to pulmonary function, symptoms assessment is another important indicator for evaluating clinical treatment effect ([@b43-etm-0-0-8983]). Using TRACK and considering the characteristics of PIBO in children, the questionnaire was applied. In the present study, the symptoms assessment test score was increased significantly after 3-month treatment in group A, but not in group B. Zhang *et al* ([@b44-etm-0-0-8983]) reported that clinical symptoms were significantly improved in patients with PIBO undergoing long-term nebulization treatment. Consistent with this, the present study reported that the symptoms were significantly controlled after treatment with budesonide, montelukast and azithromycin in patients with PIBO, but became worse without regular treatment.

The present study has some limitations. The sample size is relatively small and future clinical studies with larger cohorts are required to confirm the findings of the present study.

In conclusion, the present study demonstrated that combination therapy with budesonide, montelukast and azithromycin improved pulmonary function and respiratory symptoms in children \<5 years old with PIBO. Further studies are required to assess the long-term outcomes and survival benefits of the combination treatment used in the present study.
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###### 

Details of questionnaire for symptom assessment of patients with post-infectious bronchiolitis obliterans.

                                                                                                                                           Score                                                                
  ---------------------------------------------------------------------------------------------------------------------------------------- ------------ --------------- ----------------- --------------------- ------------------------
  1\. During the past 4 weeks, how often did the child suffer from respiratory problems, such as cough, wheezing or shortness of breath?   Not at all   Once or twice   Once every week   2 or 3 times a week   4 or more times a week
  2\. During the past 4 weeks, how often was the child\'s sleep disrupted by respiratory problems?                                         Not at all   Once or twice   Once every week   2 or 3 times a week   4 or more times a week
  3\. During the past 4 weeks, how limited was the child in performing normal activities by respiratory problems?                          Not at all   Slightly        Moderately        Quite a lot           Extremely

The questionnaire was performed based on the test for respiratory and asthma control in kids (29).

###### 

Clinical and demographic characteristics of the subjects.

  Characteristics              Group A       Group B       P-value
  ---------------------------- ------------- ------------- ---------
  Number of patients (n)       n=33          n=20           
  Sex (n)                                                  0.645
       Male                    25            14             
       Female                  8             6              
  Age (months)                 20.78±10.27   22.05±11.17   0.677
  Pulmonary function                                        
       VT/Kg                   8.81±1.48     9.06±1.45     0.547
       TPTEF/TE                13.46±3.91    12.48±3.24    0.577
       VPEF/VE                 18.35±3.53    17.80±3.17    0.799
       RR                      27.47±4.85    26.66±4.50    0.619
       TI/TE                   0.55±0.11     0.59±0.12     0.120
  Symptoms assessment                                       
       Respiratory symptoms    5 (5-10)      5 (5-10)      0.965
       Night-time awakenings   10 (5-15)     10 (5-15)     0.899
       Activity limitation     15 (10-15)    15 (10-15)    0.852
  Total score                  30 (20-40)    30 (25-35)    0.888

Data are presented as means ± standard deviation or medians and interquartile ranges. VT/Kg, tidal volume per kilogram of body weight; TPTEF/TE, time to peak tidal expiratory flow as a proportion of expiratory time; VPEF/VE, volume to peak expiratory flow as a proportion of exhaled volume; RR, respiratory rate; TI/TE ratio of inspiratory time and expiratory time.

###### 

Comparison of height, weight, liver and kidney function before and after treatment in group A of patients with PIBO.

  Features       PIBO diagnosis   3 months treatment   P-value
  -------------- ---------------- -------------------- ---------
  Height (cm)    80.18±7.82       82.57±6.46           \<0.001
  Weight (kg)    11.25±2.36       12.06±2.04           \<0.001
  ALT (U/l)      16.20±2.08       16.34±2.09           0.429
  AST (U/l)      20.34±2.52       20.19±2.58           0.417
  SCR (umol/l)   40.31±3.74       40.14±3.52           0.266
  BUN (mmol/l)   3.81±0.37        3.79±0.38            0.232

Data were are presented as means ± standard deviation. ALT, alanine aminotransferase; AST, aspartate aminotransferase; SCR, serum creatinine; BUN, blood urea nitrogen; PIBO, post-infectious bronchiolitis obliterans.

###### 

Change of PIBO symptoms assessment test following therapy.

  A, Group A                                                           
  ------------------------------ ---------------- -------------------- ---------
  Q1. Respiratory symptoms       5 (5-10)         10 (5-15)            \<0.001
  Q2. Night-time awakenings      10 (5-15)        10 (10-15)           0.001
  Q3. Activity limitation        15 (10-15)       15 (10-15)           0.008
  Total of the three questions   30 (20-40)       35 (30-43            \<0.001
  B, Group B                                                           
  Questions                      PIBO diagnosis   3 months treatment   P-value
  Q1. Respiratory symptoms       5 (5-10)         5 (5-5)              0.011
  Q2. Night-time awakenings      10 (5-15)        5 (5-10)             0.022
  Q3. Activity limitation        15 (10-15)       10 (5-10)            0.001
  Total of the three questions   30 (25-35)       20 (20-25)           \<0.001

Data are presented medians and interquartile ranges. PIBO, post-infectious bronchiolitis obliterans.
